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Abstract
To date, the overwhelming majority of genomics programs in plants have been
directed at model or crop plant species, meaning that very little of the naturally
occurring sequence diversity found in plants is available for characterization and
exploitation. In contrast, ‘xenogenomics’ refers to the discovery and functional anal-
ysis of novel genes and alleles from indigenous and exotic species, permitting bio-
prospecting of biodiversity using high-throughput genomics experimental approaches.
Such a program has been initiated to bioprospect for genetic determinants of abiotic
stress tolerance in indigenous Australian ﬂora and native Antarctic plants. Uniquely
adapted Poaceae and Fabaceae species with enhanced tolerance to salt, drought, ele-
vated soil aluminium concentration, and freezing stress have been identiﬁed, based
primarily on their eco-physiology, and have been subjected to structural and func-
tional genomics analyses. For each species, EST collections have been derived from
plants subjected to appropriate abiotic stresses. Transcript proﬁling with spotted uni-
gene cDNA micro-arrays has been used to identify genes that are transcriptionally
modulated in response to abiotic stress. Candidate genes identiﬁed on the basis of
sequence annotation or transcript proﬁling have been assayed in planta and other
in vivo systems for their capacity to confer novel phenotypes. Comparative genomics
analysis of novel genes and alleles identiﬁed in the xenogenomics target plant species
has subsequently been undertaken with reference to key model and crop plants.
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Introduction
Global agriculture relies on a very small proportion
of the total number of vascular plant species. With
one exception (macadamia nut), Australia’s plant-
derived agricultural economy is based on exotic
species that were not initially bred or selected
for their ability to thrive under Australian con-
ditions. By contrast, indigenous Australian plants
have largely evolved in isolation and are uniquely
adapted to a diversity of local environments and
to a range of abiotic stresses, including salinity,
drought, temperature extremes, nutrient depriva-
tion and acidic soils/aluminium toxicity. Australia
is estimated to harbour 10% of the world’s total
biodiversity, while 85% of its ﬂowering plants are
found nowhere else in the world. Native plants are
thus a potentially rich resource for the discovery of
novel genes and gene variants.
To date, most genomics programs in plants
(and other organisms) have been directed at a
limited range of species, selected either because
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of their status as model organisms or because
of their economic importance. Of the 48 plant
species with signiﬁcant numbers of EST sequences
deposited in public databases, the vast majority
correspond to model and crop plants [5]. Very
few plant species have been targeted for gene
discovery on the basis of their enhanced tolerance
to abiotic stresses. Notable exceptions include
the halophytes Mesembryanthemum crystallinum
(common ice plant) [3] and the mangrove species
Avicennia marina [4].
We have coined the term ‘xenogenomics’ to
describe structural and functional genomics speciﬁ-
cally targeting non-model and non-crop plants, and
we are focusing our efforts on plants with enhanced
tolerance to abiotic stresses. In effect, we are bio-
prospecting for genetic resources in a similar way
to that in which screening of biota of different
ecosystems for bioactive compounds has yielded
the antibiotic erythromycin, the anti-rejection drug
cyclosporin A and the anti-proliferative agent taxol.
The xenogenomics program aims to: (a) discover
novel genes and alleles determining the molecular
basis of abiotic stress tolerance in indigenous Aus-
tralian grasses and legumes and antarctic grasses
that show unique modes of adaptation to stressful
environments; (b) engineer coding and regulatory
sequences capable of conferring tolerance of, or
inducible expression in response to, abiotic stress;
and (c) derive model and agronomically important
plant genotypes with enhanced tolerance to abiotic
stress.
This review provides a brief overview of the
initial target species that have been selected
for xenogenomic analysis, outlines the principal
methodologies that have been applied and describes
progress using some of the results that these
methodologies have produced to date as examples.
Xenogenomics target species
Members of the genus Lachnagrostis exhibit toler-
ance to both waterlogging stress and high salinity.
The closely related species L. robusta (salt-blown
grass) and L. adamsonii (Adamson’s bent grass)
are typically found growing in and around season-
ally wet, saline depressions in the basalt plains
grassland habitat of south-eastern Australia. As
a consequence, both species have to cope annu-
ally with both submergence and, as summer pro-
ceeds, increasing drought and salt stress. L. robusta
is moderately salt-tolerant, while L. adamsonii is
highly tolerant, able to thrive in hydroponic media
containing 300 mM NaCl.
Microlaena stipoides (weeping grass) is a peren-
nial grass that inhabits a wide range of habitats
across Australia. It is particularly well adapted to
acidic soils and is highly tolerant of the associated
elevated levels of potentially toxic Al3+ ions. M.
stipoides has a rapidly induced, highly efﬁcient alu-
minium exclusion mechanism [2]. Within 2 hours
of exposure to 1 mM aluminium at pH 4.0 its roots
cease to assimilate aluminium (Figure 1A).
With respect to low temperature and freezing
stress — also combined with desiccation stress —
we have looked beyond Australia to Antarctica,
which is one of the most extreme environments
inhabited by higher plants. Deschampsia antarctica
(Antarctic hair grass) is one of only two vascu-
lar plants to have overcome the geographical and
environmental impediments to colonization of the
Antarctic continent. It is an overwintering species
that grows in sheltered locations along the western
coast of the Antarctic peninsula. Laboratory stud-
ies have demonstrated that D. antarctica is truly
freezing-tolerant: signiﬁcant cellular damage only
Figure 1. Xenogenomics target species. (A) Haemat-
oxylin-stained seedlings of M. stipoides exposed to 1 mM
Al
3+ at pH 4.0 for (from left) 0, 1, 6 and 24 h. (B) Viminaria
juncea. (C) Swainsona swainsonoides. (D) S. procumbens
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occurs in plants exposed to temperatures substan-
tially below those at which they freeze [1].
Mirroring the approach with grasses, structural
and functional genomics is also being used to iden-
tify and characterize genetic determinants of abi-
otic stress tolerance in indigenous representatives
of the Fabaceae. Tolerance to salt stress is being
investigated in the endemic, monospeciﬁc Vimi-
naria juncea (golden spray) (Figure 1B). Because
of a preference for growth in swampy locations,
V. juncea, like the Lachnagrostis spp., also has
signiﬁcant tolerance of waterlogging. V. juncea
can survive in growth media containing 160 mM
NaCl and at 120 mM NaCl maintains dry matter
production in 72% of untreated controls. Another
indigenous genus of the Fabaceae, Swainsona,a l s o
includes species with appreciable tolerance of salt
stress. Both S. swainsonoides (downy Swainson
pea) (Figure 1C) and S. procumbens (Broughton
pea) (Figure 1D) are found growing around the
margins of saline lakes in arid areas of south-
ern Australia, whilst S. lessertifolia (coast Swain-
son pea) inhabits coastal sand dunes. In addition,
Glycyrrhiza acanthocarpa (southern liquorice) has
been targeted because it is highly adapted to growth
on acidic soils, and to tolerate both the consequent
increased availability of Al3+ and reduced avail-
ability of phosphate.
EST discovery
To overcome the constraints caused by the large
size of plant genomes and the signiﬁcant proportion
of non-coding genomic sequences, an EST-based
approach to obtaining sequence information from
species targeted in the xenogenomics program
has been chosen. EST sequencing is a simple,
economical way of accessing the ca. 0.1–10% of
the genome that is expressed in target plant organs.
In addition, the cDNA clones or their sequences
provide a primary resource for microarray-based
proﬁling of mRNA abundance.
To enrich for genes whose products confer
tolerance to speciﬁc or general abiotic stress,
cDNA libraries have been constructed from mRNA
derived from selected tissues from stress-treated
plants, in comparison to unstressed control sam-
ples. It is anticipated that these collections of
cDNAs and ESTs will include genes which are
transcriptionally stress-induced, some of which are
predicted to function in tolerance mechanisms.
Care has also been taken to apply the particular
stress in a manner that reﬂects the ecophysiology
of the target plant species and an understanding
of resident environmental conditions. For exam-
ple, for the Lachnagrostis spp. and V. juncea,
roots and leaves have been sampled from long-term
adapted plants that had salt stress imposed incre-
mentally. In the case of D. antarctica, ESTs were
derived from root and shoot samples of plants sub-
jected to freezing stress (−16 ◦C), cold acclimation
(5 ◦C), elevated temperature (25 ◦C) and to transi-
tions between these temperatures. For M. stipoides
and G. acanthocarpa, only whole root and root tip
material was sampled from time courses following
aluminium-stress imposition.
Randomly selected, oligo dT-primed, plasmid-
borne cDNA clones were subject to 5 -single-
pass sequencing. Sequence ﬁles were imported into
in-house databases, trimmed for vector and low
quality sequence, and sequences <100 nt in length
were excluded. Table 1 shows the number of high
quality ESTs obtained for each species to date and
the numbers of unigenes following D2 and cap3
clustering and assembly. The results of sequence
similarity searches have been used to assign a
putative function to each EST (Figure 2).
cDNA microarray-based transcript
proﬁling
Microarrays are a powerful method for the global
analysis of steady-state intracellular mRNA levels,
and thus identifying genes that are transcriptionally
modulated as a consequence of metabolic or bioen-
ergetic demands or biotic or abiotic stresses. In
Table 1. Gene discovery in indigenous Australian ﬂora and
native Antarctic plants
Organism ESTs Unigenesa Novel genesb
Deschampsia Antarctica 12403 7736 3350
Lachnagrostis robusta 5379 2723 716
Lachnagrostis adamsonii 4446 1730 438
Microlaena stipoides 4210 2736 441
Viminaria juncea 6123 4453 1726
Glycyrrhiza acanthocarpa 6570 4872 2202
a ESTs with >95% identity over >100 nt were clustered.
b Unigenes producing a match with probability of <1 × e−5 when
used as queryfor BLASTn searchagainst completeGenBank database.
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Figure 2. Distribution of functional categories amongst EST clusters in xenogenomics target species
the context of the substantial proportion of cDNA
clones in the collections from each xenogenomics
program species, for which primary sequence anno-
tations provide little or no functional insights,
microarrays offer the prospect of identifying novel
genes implicated in plant responses to abiotic
stress. A number of species- and genus-speciﬁc
spotted microarrays have been designed, fabricated
based on PCR amplicons of unigene collections,
and used for transcriptome analysis. For example,
the M. stipoides unigene chip has been interrogated
with samples derived from the roots of seedling
plants exposed for varying periods to neutral con-
ditions, to media at pH 4.0, and to acidic media
containing 1 mM Al3+. By applying a complete
loop design, it has been possible to distinguish
between genes whose transcript levels are elevated
in response to low pH, or speciﬁcally to aluminium
stress.
EST sequencing itself also affords a crude form
of proﬁling transcript levels in the form of an
‘in silico northern analysis’. Frequency of occur-
rence of ESTs encoding particular products reﬂects
the abundance of the corresponding mRNA in the
tissue or treatment being sampled. For example,
0.58% of all ESTs in M. stipoides roots exposed
to aluminium stress encode homologues of malate
dehydrogenase (MDH), compared to 0.1% or less
for ESTs from the roots of other grass species.
Application of northern hybridization analysis to
validate this result has revealed that mRNAs encod-
ing the predominant cytoplasmic form of MDH are
no more abundant in response to aluminium stress.
However, relative to the mature part of the root
and to leaves, transcript levels of this MDH iso-
form encoding gene are enriched ca. four-fold in
root tips, the part of the root that ﬁrst encounters
aluminium and also the part containing the cells
most vulnerable to aluminium toxicity.
In addition to coding regions capable of confer-
ring tolerance to abiotic stress, regulatory sequen-
ces that are abiotic stress-responsive and/or tissue-
speciﬁc have been isolated and characterized. Tran-
script proﬁling methods such as microarrays enable
the identiﬁcation of genes of both known and
unknown function with desirable expression pat-
terns. Adaptor-PCR has been used to isolate 5 -
regulatory sequences from a number of genes,
including that of the root tip-enriched MDH iso-
form from M. stipoides.
Candidate gene selection and functional
screening
As a result of sequence and transcriptomic analy-
ses, candidates for novel genes or gene variants that
are capable of conferring tolerance to abiotic stress
have been selected for functional analysis. The cri-
teria that can be applied to identify candidate genes
include: putative orthology to genes with demon-
strated or inferred involvement in stress tolerance;
presence of particular diagnostic protein sequence
motifs; or transcript level modulation in response to
abiotic stress. Examples of target classes of candi-
date genes include those involved in transcriptional
regulation and signal transduction, genes encod-
ing putative molecular transporters and enzymes
involved in osmoprotectant synthesis, genes that
are transcriptionally activated in response to cold
acclimation, and genes encoding putative anti-
freeze proteins (AFPs).
A number of different systems and assays have
been used for functional screening of candidate
genes, including in planta screening of candi-
date genes for desirable phenotypes that result
from gain-of-function expression in Arabidopsis
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thaliana, followed by visual screens based on root
growth established for tolerance of salinity, osmotic
and aluminium stresses, using tolerant and sensitive
Arabidopsis mutant lines to determine conditions
under which phenotypic differences are revealed.
Other in planta systems are also available
for functional analysis. These have the advan-
tages of being closely related to the species
from which the candidate genes originated, pro-
viding higher levels of biochemical and phys-
iological compatibility and, unlike Arabidopsis,
are species of agronomic importance. In the
Poaceae, these include Lolium perenne (perennial
ryegrass), Triticum aestivum (wheat) and Oryza
sativa (rice), and in the Fabaceae, Trifolium repens
(white clover). This taxonomic afﬁnity to the
xenogenomics target species also provides the
possibility of analysing candidate genes through
loss-of-function approaches, using either anti-sense
or post-transcriptional gene silencing technologies,
providing orthologous sequences can be identiﬁed
in their genomes.
The experimental strategy and potential for novel
allele discovery of the xenogenomics approach
has been particularly well exempliﬁed through the
identiﬁcation and functional characterization of a
gene product implicated in abiotic stress tolerance,
as a contributing determinant to the molecular basis
of freezing tolerance in D. antarctica [John UP
et al., unpublished]. We have exploited a simple
biophysical assay [7] to establish that D. antarctica
has potent recrystallization inhibition (RI) activity
that prevents small ice crystals becoming consoli-
dated into potentially plasmolytic large ice crystals.
Furthermore, this RI activity is highly induced by
cold acclimation, is found in the apoplastic (extra-
cellular) spaces where freezing occurs, and is heat
soluble (Figure 3). The latter characteristic is diag-
nostic of an ice recrystallization inhibition protein
(IRIP) isolated as an incomplete protein from L.
perenne [6].
Through examination of our EST collection and
by genomic adaptor-PCR and Southern hybridiza-
tion analysis, D. antarctica has been demonstrated
to contain a small family of IRIP-encoding genes.
Full-length clones of IRIP genes from D.antarctica
encode an apoplastically-targeted product with two
distinct domains, each comprised of repeat motifs,
the leucine-rich repeat (LRR) and the IRIP repeat,
respectively. IRIP orthologues are also found in
















Figure 3. Recrystallization inhibition assay on leaf extracts
from non-acclimated (grown at 22 ◦C) and cold-acclimated
(5 ◦C) D. antarctica. Upper panel, initial ice crystal structure
following snap freezing; lower panel, ice crystal structure
after 16 h incubation at −3 ◦C. Capillary B contains
1000 µg/ml bovine serum albumin; capillaries 1–4: 20, 5,
1.25, and 0.31 µg/ml, respectively, of apoplastic protein
their number of LRRs, from as many as nine to
as few as one in the D. antarctica forms. Struc-
tural modelling of IRIPs has shown that both repeat
domains are predicted to adopt structures that are
lattice-matched to ice crystal faces. However, min-
imization of the number of LRR repeats in the D.
antarctica IRIPs derives a structure predicted to
bind with greater afﬁnity to ice, and thus func-
tion more efﬁciently as an IRIP than those from
other Poaceae. Transcript proﬁling using north-
ern hybridization analysis and semi-quantitative
reverse transcriptase PCR shows that IRIP tran-
script levels that are undetectable in plants grown
at 25 ◦C are greatly escalated in response to cold
acclimation. Finally, we have exploited a different
in vivo system for functional analysis to show that
D. antarctica IRIPs expressed in E. coli possess RI
activity when assayed.
Thus the activity of IRIPs in D. antarctica can
coherently account for the cryotolerance of this
species, offering the prospect of being able to
enhance this capacity in economically important
crop and pasture plants, and illustrating the utility
of the xenogenomics approach for identifying novel
sources of genetic diversity.
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